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PhotosynthesisOxygenic photosynthesis uses light as energy source to generate an oxidant powerful enough to oxidize water
into oxygen, electrons and protons. Upon linear electron transport, electrons extracted fromwater are used to
reduce NADP+ to NADPH. The oxygen molecule has been integrated into the cellular metabolism, both as the
most efﬁcient electron acceptor during respiratory electron transport and as oxidant and/or “substrate” in a
number of biosynthetic pathways. Though photosynthesis of higher plants, algae and cyanobacteria produces
oxygen, there are conditions under which this type of photosynthesis operates under hypoxic or anaerobic
conditions. In the unicellular green alga Chlamydomonas reinhardtii, this condition is induced by sulfur
deﬁciency, and it results in the production of molecular hydrogen. Research on this biotechnologically
relevant phenomenon has contributed largely to new insights into additional pathways of photosynthetic
electron transport, which extend the former concept of linear electron ﬂow by far. This review summarizes
the recent knowledge about various electron sources and sinks of oxygenic photosynthesis besides water and
NADP+ in the context of their contribution to hydrogen photoproduction by C. reinhardtii. This article is part of
a Special Issue entitled: Regulation of Electron Transport in Chloroplasts.CMU, 3-(3,4-dichlorophenyl)-
DP+ reductase; FTR, ferredox-
plex; NAD(P), nicotinamide
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l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction: Oxygenic photosynthesis in the absence of oxygen?
Since the accumulation of oxygen (O2) in the atmosphere about 2.5
to 2.2 billion years ago [1], evolution created organisms which rely
on the O2-molecule for efﬁcient energy generation and biosynthesis
of many cellular compounds [2,3]. Though organisms carrying out
oxygenic photosynthesis are considered “to produce their own O2,”
they frequently encounter hypoxic (O2-limited) or anaerobic (O2-free)
conditions. In the case of higher land-plants, O2-deﬁciency mostly
affects roots, other soil organs or seeds in waterlogged ground. As long
as parts of the plant are in air, O2 can be transported to submerged
organs by interconnected gas conduits called aerenchyma, which are
developed especially by wetland plants (reviewed by [4]). Addition-ally, while photosynthetic organs are in air, they may provide enough
carbohydrates for submerged organs to generate energy and survive
[4]. Problems arise when the whole plant is submerged. Though in
principal, photosynthesis can take place under water, one limiting
factor is carbon dioxide (CO2), which, like other gases, diffuses very
slowly in water.
Oxygenic phototrophic microorganisms like cyanobacteria and
green algae usually live in aquatic environments (except for specialized
life forms such as lichens) and are adapted to low CO2 diffusion rates by
using carbon concentrating mechanisms [5]. These organisms do also
encounter hypoxic or anaerobic conditions in their natural environ-
ments like soil, microbial mats, insufﬁciently mixed lagoons and lake
sediments [6,7]. While in the light, photophosphorylation may provide
enough energy for the cells to survive, the evolved O2 might not be
sufﬁcient for all O2-dependent biosynthetic pathways. It has been
estimated that in aerobes, O2 is either directly or indirectly involved in
more than 1000 metabolic reactions [2]. In photosynthetic organisms,
the synthesis of heme and chlorophyll, respectively, is one of
these essential biosynthetic pathways, since four steps are catalyzed
byO2-dependent enzymes (the conversion of coproporphyrinogen III to
protoporphyrinogen-IX by coproporphyrinogen oxidase (EC 1.3.3.3),
the oxidation of protoporphyrinogen-IX to protoporphyrin-IX by
protoporphyrinogen oxidase (EC 1.3.3.4), isocyclic ring formation to
yield divinyl protochlorophyllide by magnesium-protoporphyrin-IX
monomethyl ester oxidative cyclase (EC 1.14.13.81) and chlorophyllide
a to chlorophyllide b conversion by chlorophyllide a oxygenase (EC
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have been reported for higher plants so far, cyanobacteria, like many
other prokaryotes [10], possess O2-independent analogues of copro-
porphyrinogen III oxidase andMg-protoporphyrin-IXmonomethylester
cyclase [11,12].
The unicellular green alga Chlamydomonas reinhardtii has long
been used as a model for photosynthesis research [13]. The absence of
atmospheric O2 on photoautotrophic and photoheterotrophic (acetate-
supplemented) growth has been studied by purging cell cultures with,
for example, CO2 in helium or 2% air and CO2 in nitrogen, and it has
been shown that the alga is able to grow under hypoxic conditions in
the light [14–16]. However, adaptive responses are essential for this
ability. For example, C. reinhardtii mutants deﬁcient for the Copper
Response Regulator 1 (CRR1), which is also involved in differential gene
expression in response to hypoxia [15,17,18], are strongly impaired in
hypoxic growth [16]. One reason for this phenotype seems to be the
failure of crr1 mutant strains to express the CRD1 gene in response to
hypoxia [15,16]. CRD1 encodes an isoform of the Mg protoporphyrin
monomethylester oxidative cyclase,whosegene is up-regulatedbothby
Cu- and O2-deﬁciency and which is essential for chlorophyll biosyn-
thesis and photosystem 1 (PS1) accumulation [19,20] under hypoxic
conditions. To date, no O2-independent analogues of O2-dependent
tetrapyrrole biosynthetic enzymes like coproporphyrinogen III oxidase
and Mg-protoporphyrin IX monomethylester cyclase have been
reported for C. reinhardtii.
Thus, limitationsof the availability ofO2-molecules have a signiﬁcant
impact on the biosynthesis of molecules essential for photosynthetic
function and/or the assembly of photosynthetic protein complexes.
However, a low O2 partial pressure does also greatly affect cellular
electron transport processes. In this article,wewant to focus ona special
form of hypoxic photosynthesis, which develops in C. reinhardtii when
deprived of sulfur.
2. Establishment of hypoxic photosynthesis in sulfur deprived
C. reinhardtii cells
In general, photosynthetic capacity of C. reinhardtii decreases when
the cells are exposed to limitations of macro nutrients, as has been
shown for phosphorus (P) [21,22], nitrogen (N) [23,24] and sulfur (S)
[22,25]. One reason for the decline of photosynthetic electron transport
is that cells deprived of a certain nutrient will slow or even stop growth
[26], since essential cell components cannot be synthesized (in sufﬁ-
cient amounts) anymore. This will lead to a decreased demand for
photosynthetically provided reducing equivalents and ATP, and this, in
turn, to an overreduction of the photosynthetic electron transport chain
[26]. The process of oxygenic photosynthetic electron transport involves
the generation of highly energetic intermediate redox carriers [27].
While this is the principle of converting sunlight into chemical energy
and thus the basis for life on earth, it is a highly dangerous process for
organisms carrying out oxygenic photosynthesis. Both to prevent the
emergence of radicals and reactiveoxygenspecies (ROS) and to allowan
optimal performance of photosynthetic metabolism, the light-induced
generation of low-potential electrons and their use has to be perfectly
balanced.
In the last years, regulation of photosynthetic electron transport
has been especially well studied in S-deﬁcient C. reinhardtii cells, since
it is regarded to have biotechnological potential [28]. It has been
shown in 2000 that S-deprived and sealed cultures of the green alga
produce relatively large amounts of molecular hydrogen (H2) for
several days [29] and thus represent a renewable source for an
alternative energy carrier. However, photosynthetic H2 production is
also one further example of how photosynthetic electron transport
adapts to severe conditions in order to prevent oxidative damage for
the cells while remaining a source of ATP.
In S-deﬁcient C. reinhardtii cells, photosynthetic O2 evolution rates
decrease strongly (ca. 75%) within about 1 day, both in open (aerated)[22,25] and sealed cultures [29]. It has been shown that this decline is
mainly due to loss of open and intact photosystem 2 (PS2) centers,
while the electron transport capacities of the cytochrome b6f complex
and PS1 remain much higher [22,29]. The down-regulation of PS2
activity in response to S deprivation is not only ametabolic consequence
of a reduced capacity of electron sinks, but an active process: In a
C. reinhardtii mutant strain deﬁcient for a major regulator of the
adaptation to S limitation, Sac1 [25,30], photosynthetic O2 evolution
rates do not decrease as fast as in the wild type [25]. This has been
ascribed to the inability of the mutant to form QB non-reducing PS2
centers [22], which was therefore proposed to be a regulated process.
The failure of theSac1-deﬁcient algal strain to repressPS2 activity is fatal
for the cells: they die within 2 days of incubation in the light, but
grow similarly as the wild type when treated with the PS2 inhibitor 3-
(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) [25]. This shows that
a reduced PS2 activity is critical for the survival of C. reinhardtii under
S-deprived conditions.
While photosynthetic O2-evolution rates of S-depleted C. reinhardtii
cells decline, respiratory O2-reducing activity remains almost constant,
resulting in a net O2-consumption after about 1 day of sulfur starvation
[29]. Photochemical efﬁciency of PS2, which decreases gradually in
the beginning of S-deprivation, drops abruptly as soon as the O2-
concentration in a sealed algal culture reaches zero, followed by a strong
decline of the redox potential as determined in the medium [31]. This
has been ascribed to the redox state of the plastoquinone- (PQ-) pool,
which becomes strongly reduced in the absence of O2 (reviewed by
[32]). Accordingly, PS2 photochemical activity can initially be restored
by aeration [31]. However, the amount of PS2 complexes decreases
upon prolonged S-deprivation as shown by D1 (PsbA) immunoblot
analyses [33]. The main reason for PS2 degradation is probably the
inability of the algae to sustain the high turnover rate of the D1 protein
due to insufﬁcient amounts of S-containing amino acids [34]. Addition-
ally, damage of PS2 was discussed to be promoted by the diminishment
of electron sinks [35]. In S-deﬁcient C. reinhardtii cells, Ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) protein disappears
even faster than D1 [33], and CO2-assimilation rates drop to non-
detectable values [36], while PS2 photochemical activity and O2-
evolution rates, respectively, remain on a low level for several days
[29,31].3. Photosynthetic electron sinks in anaerobiosis
3.1. H2-production by plastidic FeFe-hydrogenase(s)
In the model alga C. reinhardtii [29,33] as well as in several other
green algal species [37–39], a hydrogenase activity is induced as soon
as the cell culture becomes hypoxic. The presence of these H2
producing enzymes in green algal species is a long-known phenom-
enon (reviewed by [40]). The best analyzed algal hydrogenase is
HydA1 from C. reinhardtii, which has been intensively studied on the
genetic [41], protein [42] and physiological level [35,43]. The
hydrogenase of C. reinhardtii is of the FeFe-type [44,45] and genetic
and biochemical evidence suggest that in general, only FeFe-
hydrogenases can be found in unicellular green algae [44,46–48]. In
case of C. reinhardtii, it has been unambiguously proven that HydA1 is
located in the chloroplast [49,50], most part of H2-production is light-
dependent [51,52] and ferredoxin is the natural electron donor
for HydA1 [53,54]. The role of the hydrogenase and H2-production,
respectively, during hypoxic photosynthesis induced by S-deﬁciency
is one of an alternative electron sink. While CO2 assimilation stops
[33,36], there are still electrons generated by the residual water-
oxidizing activity of PS2, and additional electrons enter the photo-
synthetic electron transport chain on the level of the PQ-pool (see
below). It has been suggested that the removal of electrons by HydA1
(a) prevents oxidative damage and (b) enables production of ATP by
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intermediate electron carriers [43].
The fact that H2-evolution and CO2-assimilation compete for
electrons has been indicated on a physiological level by various studies
to date. Cinco et al. showed that H2-production after a dark-light shift
of anaerobically adapted C. reinhardtii suspensions was highest at
0.8 ppmCO2whencompared to30or 58 ppmCO2 [55]. TheC. reinhardtii
transformant apr1 (attenuated P/R ratio mutant) was isolated by
screeningan insertionalmutagenesis library for transformants thathave
a permanently lowered photosynthetic O2-evolution rate and become
hypoxic in the light in repletemedium(as opposed to S-deﬁciency) [56].
However, strain apr1 does not produce H2-gas in spite of anaerobiosis
unless the Calvin cycle is inhibited by the addition of glycolaldehyde
[56]. Finally, a Rubisco-deﬁcient C. reinhardtii strain (CC-2803), which
becomes anaerobic in full medium in the light as soon as the culture
ﬂask is sealed, also producesH2 in the presence of S, showing oncemore
that the FeFe-hydrogenase of C. reinhardtii can act as an alternative
electron sink [36].
3.2. Ferredoxins—versatile allocators of electrons
Ferredoxin (Fdx) is the major electron acceptor of PS1 and dis-
tributes electrons delivered by the photosynthetic electron transport
chain to various reductive reactions [57] (Fig. 1). Catalyzed by
ferredoxin-NADP+ reductase (FNR), Fdx donates electrons to nico-
tinamide adenine dinucleotide phosphate (NADP+) yielding NADPH
[58], which, in turn, plays a central role in reductive biosynthetic
pathways like the Calvin cycle, antioxidative systems and redox
regulation [59]. Several other biosynthetic enzymes require reduced
Fdx as the direct electron donor, such as sulﬁte reductase [60], nitrite
reductase, glutamate synthase [57] or some type of fatty acid
desaturases [61]. Via ferredoxin–thioredoxin–reductase (FTR), elec-Fig. 1. Schematic of ferredoxin-dependent enzymes and reactions in C. reinhardtii: In the ligh
enzymes (sulﬁte reductase (SiR), nitrite reductase (NiR), Fdx-thioredoxin reductase (FTR), F
major Fdx-isoform in C. reinhardtii, PetF, has been shown to be able to donate electrons to mo
central Fdx isoform. Fdx2 has recently been reported to be optimized for nitrite reduction ca
FDX2 transcription does respond to growth on nitrate and to H2O2 (not shown), and also to an
the latter condition is not known. In contrast to higher plants, Chlamydomonas possesses a
pyruvate ferredoxin oxidoreductase (PFR), which can probably use Fdx as an electron acce
(CEF) around PS1 is Fdx-dependent, too, but to date it has not been analyzed if another Fdx th
to anaerobiosis (−O2) (indicated by two upward arrows), Cu-deﬁciency and Ni (not showtrons delivered by Fdx furthermore play a vital role in enzyme
regulation [62,63]. As mentioned above, Fdx is also the electron
donor for algal FeFe-hydrogenases [53,54]. Additionally, a pyruvate–
ferredoxin–oxidoreductase (PFR) has been described in C. reinhardtii
on the genetic [64,65] and protein level [50], and it has been shown to
be located in the chloroplast [50], thereby being a probable additional
Fdx partner (Fig. 1). Not at least, Fdx has a role in antimycin A
sensitive cyclic electron transport (reviewed by [66–69]) (see below).
Both C. reinhardtii and higher plants have more than only one Fdx
isoform. In C. reinhardtii, the presence of six plant-type Fdx encoding
genes has been reported to date [70,71]. With one exception (Fdx4,
which has not been analyzed), all of them have been shown to be
located in the chloroplast [71,72]. A study about Arabidopsis Fdx
revealed at least four out of six potential Fdx encoding genes to
encode for functional Fdx isoforms [73], and the C4 plant Maize also
has at least six Fdx proteins [74–76]. In higher plants, different Fdx
isoforms can be assigned to be either of the root or the leaf type, while
the former are more efﬁciently reduced by NADPH [76–79]. Different
Fdx proteins are optimized for interaction with different redox
partners, as shown for example for sulﬁte reductase [73,79] or leaf
and root FNR [73,76]. Analyses of Arabidopsis RNA interference
lines with reduced levels of either one of the leaf-type Fdx isoforms
Fd1 or Fd2 showed that the most-abundant isoform Fd2 is mainly
involved in linear electron ﬂow, while Fd1 was suggested to be
responsible for keeping electrons within the photosynthetic electron
transfer chain [80].
In Chlamydomonas, the Fdx PetF (todaymostly referred to as Fdx1)
was the ﬁrst Fdx to be isolated from this green alga [81,82]. According
to the abundance of its mRNA [71], PetF/Fdx1 is the by far most
abundant Fdx isoform in C. reinhardtii, though its protein amounts do
not always match PETF/FDX1 transcript levels [71,72]. For example,
PETF/FDX1 mRNA abundance decreases in S-deprived C. reinhardtiit, ferredoxin (Fdx) accepts electrons from PS1 and acts as an electron donor to various
dx-NADP+ reductase (FNR), glutamate synthase (GS), fatty acid desaturase (FAD)). The
st of these enzymes (see text for details and references) and is therefore depicted as the
talyzed by NiR [71], however, a contribution of PetF cannot be excluded (dashed line).
aerobiosis (−O2) (indicated by an upward arrow), but a speciﬁc function of Fdx2 under
FeFe-hydrogenase (HYD), which is known to interact with ferredoxin PetF [54], and a
ptor (indicated by a backwards arrow). The antimycin A sensitive cyclic electron ﬂow
an PetF is specialized for this function. The FDX5 gene is strongly expressed in response
n), but its function remains to be elucidated.
922 A. Hemschemeier, T. Happe / Biochimica et Biophysica Acta 1807 (2011) 919–926cells, while PetF/Fdx1 protein levels stay constant [72]. PetF/Fdx1 has
been shown to be able to interact with a number of chloroplast
proteins such as PS1 [83], nitrite reductase [71,84], glutamate syn-
thase [84], FTR [85], and FNR [71,72] (Fig. 1). However, recent studies
indicate that the Fdx isoforms Fdx2–Fdx6 might have specialized
functions under certain environmental conditions or be optimized
for the interaction with deﬁned redox partners [71,72,86]. An elabo-
rate analysis of expression of the Fdx-encoding genes PETF/FDX1 and
FDX2–FDX6 showed that they are differentially expressed in response to
nutrient availability (nitrate versus ammonium, Cu- and Fe-deﬁciency)
or to oxidative stress [71]. For example, FDX2 transcript levels increase
about 400-fold in cells grown on nitrate versus ammonium, and Fdx2
protein was only detected in nitrate grown C. reinhardtii cells.
Interaction studies using C. reinhardtii nitrite reductase showed that
the turnover number of the nitrate reduction reactionwas about tenfold
higher when Fdx2 was used as the electron donor instead of PetF/Fdx1
[71]. Fdx2 also shows a higher afﬁnity to Chlamydomonas FNR thanPetF/
Fdx1 in NADPH-dependent cytochrome c reduction assays [71]. The
results of both assays,whichmakeuse of the reduction of FdxbyNADPH
via FNR might indicate that Fdx2 is functionally a root-type (non-
photosynthetic) Fdx, as is also suggested by phylogenetic analyses [71].
One Fdx-encoding gene of C. reinhardtii which is strongly upregu-
lated in response to anaerobiosis both on the transcript and protein
level is FDX5. While neither transcript nor protein can be detected by
RNA-hybridization and immunoblot analyses in Chlamydomonas cellsFig. 2. Scheme of linear (a) and cyclic (b, c) photosynthetic electron transport pathways i
photosystem 2 (PS2) and transported to photosystem 1 (PS1) via plastoquinone (PQ), the cyt
via ferredoxin (PetF) and ferredoxin-NADP+ reductase (FNR). A proton-gradient is built up
Both NADPH and ATP are needed for CO2-ﬁxation and triose-phosphate (Triose-P) generation
Linear electron ﬂow is associated with state 1 conditions, in which the light harvesting comp
sensitive, ferredoxin dependent pathway of cyclic electron ﬂow can be catalyzed by a superc
is supposed to reduce the PQ-pool during the antimycin A insensitive pathway of cyclic ele
(b) and (c) In C. reinhardtii, cyclic electron transport is associated with state transitions (LHgrowing in full medium in the light [71,72,86], the FDX5 gene is
considerably expressed in the alga upon anaerobiosis, either in the dark
or in S-deﬁciency-induced hypoxia in the light [71,72]. However, the
FDX5 gene also reacts to Cu-deﬁciency [71,86] and was recently shown
to be under the transcriptional control of the CRR1 transcription factor
[86]. To this date, it is unclear if Fdx5 fulﬁlls a speciﬁc function in
anaerobiosis or in Cu-deﬁciency or both. It is known, however, that Fdx5
cannot donate electrons to the (anaerobically synthesized and active)
FeFe-hydrogenase HydA1 in in vitro assays [72]. PetF/Fdx1, however, is
an efﬁcient electron donor to HydA1 in the same in vitro assays as
well as in reconstituted light-dependent semi-in vivo assays containing
ascorbate, dichloroindophenol, PS1 and PetF/Fdx1 [54]. Indeed, the
latter study strongly indicated that PetF/Fdx1 is the natural (in vivo)
electron donor of the FeFe-hydrogenaseHydA1 [54] and therewithmost
probably the major PS1 electron acceptor in S-deprived C. reinhardtii
cells (Fig. 1).
3.3. Cyclic electron ﬂow
Photosynthetic electron ﬂow can be linear, generating ATP and
NADPH by consecutive action of PS2 and PS1 (Fig. 2a), or cyclic, gen-
erating only a trans-thylakoid proton gradient and ATP, respectively.
Cyclic electron ﬂow utilizes PS1 only, and the electrons are transported
back to PS1 via the cytochrome b6f complex (Fig. 2b, c). Two different
pathways of cyclic electron ﬂow were distinguished based on theirn C. reinhardtii. (a) During linear electron ﬂow, electrons are extracted from water at
ochrome b6/f complex (Cyt b6/f) and plastocyanin (PC). PS1 donates electrons to NADP+
during the electron transport and used by an ATP-synthase (ATPase) to generate ATP.
by the Calvin cycle (Rbc=ribulose-1,5-bisphosphate carboxylase/oxygenase, Rubisco).
lexes (LHC) of PS2 (LHCII) are associated with PS2. (b) In C. reinhardtii, the antimycin A
omplex containing PS1, Cyt b6/f, FNR and PGRL1. (c) The NAD(P)H-dehydrogenase Nda2
ctron ﬂow, using stromal reductants which have been generated by PS1, PetF and FNR.
CII at PS1).
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antimycin A sensitive, ferredoxin-dependent pathway, which was
thought to depend on a ferredoxin-plastoquinone reductase [66]. It
was shown that two proteins, PGR5 (PROTON GRADIENT REGULATION
5) [89] and the integral membrane protein PGRL1 (PGR5-like
photosynthetic phenotype) [90] are involved in the transfer of electrons
from ferredoxin to plastoquinone in Arabidopsis. In C. reinhardtii, PGRL1
was proposed to have a dual function in both iron sensing and cyclic
electron ﬂow because a pgrl1 RNA-interference mutant strain exhibits
perturbed iron acclimation and diminished cyclic electron ﬂow
efﬁciency under conditions of iron deﬁciency, and the PGRL1 protein
might bind iron [91]. Very recently, a supercomplex containing PS1,
LHCI, LHCII, the cytochrome b6f complex, FNR and PGRL1 has been
isolated from C. reinhardtii [92]. Based on their studies, the authors
concluded that ferredoxin-dependent cyclic electron ﬂow can be
catalyzed by the components of this supercomplex alone [92]
(Fig. 2b). Thus, though the alga expresses a PGR5-gene [91], the PGR5-
protein appears not to be essential for cyclic electron ﬂow [92].
The antimycin A-insensitive pathway of cyclic electron ﬂow
depends on chloroplast NAD(P)H dehydrogenases present in thyla-
koid membranes, which are also involved in chlororespiration
[67,68]. These dehydrogenases reduce the PQ-pool at the expense of
stromal reductants in a non-photochemical way. In higher plants,
the dehydrogenase is a multi-protein complex composed of several
subunits (reviewed by [93,94]). Previous studies on Chlamydomonas,
however, showed that the NDH genes are absent in the alga, but it has
a monomeric class-II type NAD(P) dehydrogenase called Nda2 which
is able to non-photochemically reduce PQ [95,96] (Fig. 2c).
In both C. reinhardtii [97–100], and higher plants [101,102],
anaerobiosis results in a reduction of the PQ-pool, transition of the
light harvesting complexes II (LHCII) towards PS1 (state transitions)
and an increase in cyclic electron ﬂow rates. In C. reinhardtii, about
80% of the LHCII are transferred to PS1 during state transitions [103],
and in full state 2 conditions, PS2 becomes disconnected from the
photosynthetic electron transport chain [99], and cyclic electron ﬂow
is predominant [99].
It has been discussed that cyclic electron ﬂow, operating in S-
deﬁcient H2-producing Chlamydomonas cells, would be in competition
with H2-production. Indeed, blocking the Fdx-dependent pathway of
cyclic electron transport by antimycin A was shown to stimulate H2-
production [104]. On the other hand, C. reinhardtii cells in which
expression of the gene encoding the plastidic NAD(P)H-plastoqui-
none-oxidoreductase Nda2 was abolished by RNA interferenceFig. 3. Schematic of photosynthetic electron transport during H2-production by S-deﬁcien
dashed line). LHCII polypeptides migrate to PS1, but residual O2-evolution activity remains.
of S-starvation, and electrons are probably transferred to PQ by Nda2. It is not known if the pl
S-deprivation, Rubisco is degraded and CO2-ﬁxation stops. The main electron sink of photosy
antimycin A sensitive pathway of cyclic electron ﬂow seems to operate and be in compet
electron transport chain is probably the production of ATP, which is needed for maintaininexhibited decreased H2-production rates [105]. This, however, is
most likely due to the function of Nda2 to inject electrons derived
from starch breakdown into the photosynthetic electron transport
chain [106,107] (see below; Fig. 3). Thus, it can be speculated that
while both Nda2- and Fdx-dependent pathways are involved in
cyclic electron ﬂow under normal photosynthetic conditions, they
fulﬁll different functions during hypoxic, H2-generating photosyn-
thesis in C. reinhardtii: While Nda2 injects external electrons from
starch breakdown, the antimycin A sensitive pathway acts as “real”
cyclic electron ﬂow which circles electrons around PS1 and therefore
competes with H2-production (Fig. 3).
4. PS2 independent electron sources during hypoxic photosynthesis
A low PS2 activity remains in S-deprived C. reinhardtii cultures for
several days. Concluded from studies analyzing the effect of the speciﬁc
PS2 inhibitor DCMUonH2 photoproduction, water-oxidation at PS2 is a
signiﬁcant electron source for generating reduced Fdx [36,106,107]. In
two starch-less Chlamydomonas strains, the sta6 mutant strain [107]
(deﬁcient for the small subunit of ADP-glucose pyrophosphorylase
[108]) and the Rubisco deﬁcient strain CC-2803 [36], PS2 is the only
signiﬁcant electron source for light-dependentH+ reduction,whichwas
strongly decreased in the presence of DCMU in both cases.
However, the fact that DCMU only partially inhibits H2-production
in S-deprived wild type Chlamydomonas cells already suggested non-
photochemical PQ-reduction, which had been observed already in the
1980s [97,109,110], to be a major electron donor to the photosyn-
thetic intermediate redox system during H2-production. Indeed, it
has been shown by analyzing nda2-RNAi C. reinhardtii strains that
the injection of electrons by Nda2 is a signiﬁcant source of electrons
for H2-photogeneration (see above) [105]. As mentioned before,
besides playing a role in cyclic electron ﬂow, non-photochemical PQ-
reduction also participates in chlororespiration [69]. The O2 reducing
half of chlororespiration is catalyzed by plastidic terminal oxidases
(PTOX) [111–113], and upon S-deprivation, PTOX might be an
additional electron sink for electrons generated at PS2 as long as O2
molecules are available.
The source of reductant for Nda2-activity had been suggested to be
starch when the phenomenon of photosynthetic H2-production in S-
deﬁcient algal cultures was ﬁrst published. Starch concentrations in the
cells increase strongly in theﬁrst hours of S deprivation anddeclinewith
the onset of H2 production [29]. On the other hand, the amount
of acetate, which is usually present in the medium of S-deprivedt C. reinhardtii cells. PS2 activity decreases strongly during S-deprivation (light color,
The main source of reductant for PQ is starch, which was accumulated in the ﬁrst hours
astidic terminal oxidase (PTOX) plays a role during photosynthetic H2-generation. Upon
nthetic electron transport is the FeFe-hydrogenase HydA1. In H2-evolving algal cells, the
ition with H2-production. The main purpose of this strongly modiﬁed photosynthetic
g cellular homeostasis (maintenance).
924 A. Hemschemeier, T. Happe / Biochimica et Biophysica Acta 1807 (2011) 919–926C. reinhardtii cultures, decreases during the transition of the cells to
anaerobiosis, but remains constant once H2 evolution has started [29].
Therefore, acetate is discussed to be a source of reductant for respiratory
O2-uptake, but not for H2 photoproduction [29]. Recent studies have
shown that S-starved Chlamydomonas cells do also accumulate
substantial amounts of lipids [114,115], however, the oxidation of
fatty acids is not considered to be a signiﬁcant source of reductant for
non-photochemical PQ-reduction and H2-production, respectively,
since lipid levels decline only moderately during the H2-production
phase [114,115]. Additionally, while the starchless C. reinhardtii strain
sta6 overaccumulates lipids [116], H2-evolution in thismutant is greatly
decreased upon inhibition of PS2, indicating that mostly electrons
derived from starch, but not from fatty acid oxidation, are used for PS2
independent PQ-reduction [107]. The concept of preferred oxidation of
sugars might be further supported by recent ﬁndings that the amounts
of glycolysis intermediates increase during anaerobically operating
photosynthesis in S-depleted C. reinhardtii cells, while the concentra-
tions of intermediates of the citric acid and glyoxylate cycle decrease
[115]. More direct evidence was provided by showing that the
equipment of C. reinhardtii with a hexose transporter allowed the cells
to grow on glucose and to produce more H2 in S-deﬁciency [117].
5. Conclusion and perspective
Oxygenic photosynthesis is a complex and fascinating energy
conversion process in photoautotrophs and is the basis of all life on
earth. The early concept of linear electron transport from water to
NADP+ is still correct, but more and more additional electron sources
and sinks of photosynthesis have been discovered, resulting in a new
and very complex picture of photosynthesis. Additional proteins
and protein complexes, respectively, involved in non-photochemical
PQ-reduction, O2-dependent PQ-oxidation and cyclic electron ﬂow
around PS1 have been characterized. Furthermore, different isoforms
of the most prominent electron acceptor of photosynthesis, ferredox-
in, have been identiﬁed and analyzed. This versatility is one example
for the phenomenon that the molecular players of photosynthesis are
variable and adapted to fulﬁll speciﬁc functions.
PhotosyntheticH2-generation,which is carried out by some species
of unicellular green algae, is another intriguing variation of photosyn-
thesis, and research on this metabolism has contributed to the under-
standing of non-linear photosynthetic electron transport pathways
like chlororespiration and cyclic electron ﬂow. Ongoing research on
plant and algal photosynthesis, supported by powerful high-through-
put techniques of proteomics and transcriptomics, promises to further
deepen our knowledge about this central process. In the near future,
we might be able to overcome some natural limitations of the
photosynthetic metabolism and to enhance the production of H2
[43], lipids [116] or biomass in general [118].
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